ABSTRACT Cooperative communication is a well-established technique to obtain diversity and consequently combat the fading inherent to the wireless channel. In a recent work, network-coded cooperation (NCC) along with graph theory-aided subcarrier allocation was applied to an OFDMA network where multiple source nodes have independent information to transmit to a common destination. In the so-called NCC-OFDMA scheme, diversity is then obtained by means of space and frequency, showing that the aforementioned scheme is capable of achieving improved diversity-multiplexing tradeoff (DMT) over other schemes presented in literature. In this paper, we present a generalization of the NCC-OFDMA scheme, where time dimension is also exploited to improve the DMT. Moreover, in our proposed scheme, referred to as generalized dynamic network coding-OFDMA, we show that the network performance (either in terms of DMT or energy efficiency) can be increased even further by relaxing a constraint imposed to the NCC-OFDMA scheme that only a set of nodes is able to transmit redundant information.
I. INTRODUCTION
Communicating reliably through a wireless channel is a challenging task, mainly due to the inherent presence of fading. One way to combat this harmful characteristic of wireless channels is to exploit the concept of diversity, which enables the information to propagate through independent channel realizations, in time, frequency or space [1] , [2] . A well established manner of providing space diversity is by employing multiple antennas (MIMO) at both transmitter and receiver side [3] , [4] . However, such technique may be prohibitive in some cases where the nodes have constraints in size. An alternative is to exploit the concept of cooperative communication [5] , [6] , where the nodes cooperatively transmit the messages of their partners, emulating the effect of multiple distributed antennas and achieving spatial diversity that benefits all the cooperative nodes.
Usually, the transmission in a cooperative network is divided in two phases: i) The broadcast phase (BP), where all source nodes broadcast their information frames (IFs);
ii) The cooperative phase (CP), where a subset of such nodes acts as relays, retransmitting parity frames (PFs), i.e. redundant information, to the destination. More than just acting as routers and relaying redundant information from the partner nodes separately, the nodes can adopt the concept of network coding [7] and compose the PFs as linear combinations of several IFs, with coefficients chosen from a finite field GF(q), where q is the field order.
Several recent works have demonstrated the benefits of network-coded cooperation (NCC) towards providing increased diversity order over traditional cooperative schemes [8] - [14] . In [9] , the so-called diversity network coding (DNC) scheme is proposed, showing that the linear combinations transmitted during the CP must be performed over a non-binary finite field in order to increase diversity. Later, the DNC scheme was extended in [10] to the generalized DNC (GDNC), where an association between the linear combinations and classical error correcting codes made it possible for the GDNC scheme to achieve simultaneously increased diversity order and code rate over the DNC scheme. In both DNC and GDNC schemes all the nodes transmit their PFs in the CP, regardless of the number of IFs they could correctly recover in the BP.
Besides achieving diversity through time and space as in [9] and [10] , diversity can also be increased by exploiting multiple coherence bands of a frequency selective channel [2] . In [15] - [17] , the authors adopt the random bipartite graph theory to model and analyze the subcarrier allocation problem in a non-cooperative orthogonal frequency division multiple access (OFDMA) network. More specifically, by adopting the so-called maximum constraint K 1,K -matching approach (MCMA) algorithm in [17] , the authors surprisingly show that the maximum frequency diversity gain in subcarrier-sharing OFDMA systems is the same as that in point-to-point orthogonal frequency division multiplexing (OFDM) systems that serve only a single user, requiring only few bits of feedback.
By adopting the result from [17] , Heidarpour et al. [13] , [14] evaluate the diversity-multiplexing tradeoff (DMT) [18] of an OFDMA cooperative network where the communication is assisted by a set of dedicated relay nodes, which employ the non-binary NCC technique. In the scheme from [13] and [14] , referred to as NCC-OFDMA, only the relays that correctly recover the IFs from all the source nodes are allowed to transmit in the CP, such that frequency diversity is boosted by additional space diversity. However, Heidarpour et al. [13] , [14] consider an optimistic assumption that the allocation algorithm from [17] is capable of providing full frequency diversity at the same time throughout all the links in the cooperative network. For instance, consider a set of multiple source-to-relay links. At the same time, it is possible to optimally allocate the subcarriers according to [17] from all the sources to a single relay, so that the maximum frequency diversity is achieved. However, this allocation is clearly not optimum with respect to the links between all the sources and some other relay, unless the channels are highly correlated. In [19] , we reevaluate the performance of NCC-OFDMA scheme from [13] and [14] under a more realistic scenario where only the messages addressed to the destination are benefited with the full frequency diversity provided by the subcarrier allocation algorithm from [17] . As a result, the overall performance of the NCC-OFDMA scheme is worse than that predicted in [13] and [14] .
The contributions of this work are listed as follows:
• We resort to the results from [17] and [10] to propose a scheme where time dimension is also exploited to provide improved performance over the NCC-OFDMA scheme, when applied to a scenario without the presence of dedicated relays, where the cooperative nodes themselves act as relays. Our results show that the proposed scheme, which we refer to as GDNC-OFDMA, presents a much better DMT than the NCC-OFDMA scheme, being capable of achieving simultaneously increased diversity order and multiplexing gain;
• We evaluate the performance of the proposed scheme under both the constrained strategy as in [13] and [14] (only the nodes that correctly recover all the IFs are able to transmit in the CP) and the unconstrained approach from [10] (all the nodes transmit in the CP);
• Since the number of transmissions in the unconstrained scenario is expected to be larger than that in the constrained scenario, it becomes relevant to compare such approaches from an energy-consumption perspective, by adopting a realistic energy consumption model that also encompasses the consumption related to transmitter and receiver circuitry [20] - [22] . We show that, even though the unconstrained approach is more energy-consuming than the constrained counterpart from [13] and [14] , it is capable of achieving improved energy efficiency. The remainder of this paper is as follows: Section II introduces the system model. The outage probability, DMT, and energy consumption of the proposed GDNC-OFDMA scheme are evaluated respectively in Sections III, IV and V. Section VI presents some numerical results, while Section VII concludes the paper.
Notation: Calligraphic letters (e.g. X ) refer to a set of elements, while |X | represents the cardinality of the set X . Function log(·) refers to base-2 logarithm and the operator E(x) represents the expected value of a random variable x.
II. SYSTEM MODEL
This work considers a network where a set U = {U 1 , . . . , U m , . . . , U M } of source nodes, with |U| = M , aims at transmitting their own independent messages to a single destination D. The system is assumed to employ OFDMA with N subcarriers, being S = {S 1 , . . . , S n , . . . , S N } the set of subcarriers, while the channel is considered to undergo frequency-selective quasi-static Rayleigh fading such that the overall bandwidth can be divided into L independent coherence blocks, each one composed of N L = N /L subcarriers. This is illustrated in Fig. 1 , for a particular case with L = N . Based on [10] , our proposed GDNC-OFDMA protocol consists of two phases:
• Broadcast Phase (BP): The BP is composed of k 1 time slots subject to independent and identically distributed (i. [13] and [14] ) is referred to as constrained.
Note that the proposed GDNC-OFDMA scheme can be viewed as a generalization of the NCC-OFDMA scheme from [14] in the sense that: i) The users are able to transmit an arbitrary number of IFs and PFs (in contrast to a single frame per phase in the NCC-OFDMA); ii) The scheme is unconstrained.
It is worthy mentioning that, in the unconstrained approach, upon not being able to correctly decode some IF in the BP, the node does not include such IF when composing the PFs, so that there is no error propagation. 2 In the next subsection we introduce the subcarrier algorithm adopted in this work.
A. GRAPH THEORY-BASED SUBCARRIER ALLOCATION
The subcarrier allocation at each of the k 1 + k 2 time slots is defined by the destination node following the MCMA algorithm proposed in [17] , where the subcarriers are assigned to source nodes aiming at providing the maximum possible number of non-outage nodes. Such allocation is based on one bit channel state information (CSI) feedback per subcarrier representing the outage state of each subcarrier (it does not require full CSI), and presents a negligible performance loss 1 Note that, even though the nodes transmit and receive simultaneously, transmission and reception are performed through orthogonal channels in frequency, since each subcarrier is allocated to a single node at a time. This can be implemented in practice, for instance, by means of interference cancelation techniques [23] - [25] . 2 Note that this can be implemented in practice by means of cyclic redundancy check (CRC). Note also that all the nodes need to inform the destination how the PFs are composed. This information needs some extra overhead (one bit per IF), which is negligible as the frame length increases [8] - [10] .
when compared to more complex allocation schemes such as water-filling power allocation [17] .
Following the bipartite graph theory adopted in [17] , let K M ,N be the complete bipartite graph with M vertices and N vertices in different partition classes, representing, respectively, the M users from set U and the N subcarriers from set S. This is illustrated in Fig. 2(a) . A subgraph connecting one user to N subcarriers is represented by K 1,N . Moreover, let G(U ∪ S, ε) be a bipartite graph that connects the vertices U m ∈ U and S n ∈ S through edge e mn = U m S n as long as subcarrier S n is not in outage for user U m . Otherwise, there will be no edge connecting U m and S n . This is illustrated in Fig. 2(b) , considering that subcarriers S 5 , . . . , S 8 are in outage to both U 1 and U 2 . The set of all edges (connection between users and subcarriers) is represented by ε. In the graph G(U ∪ S, ε) exemplified in Fig. 2 Based on G(U ∪ S, ε), the destination allocates K subcarriers to each user aiming at finding the largest number of users not in outage. Thus, being K 1,K a fixed graph, then the maximum
, is the largest collection of node-disjoint copies of
If a vertex (user) in G(U ∪ S, ε) is also a vertex in the copies of K 1,K , this vertex will be referred to as saturated, meaning that the user is contemplated with a set of K subcarriers. One can see that the bipartite graph G(U ∪ S, ε) presented in Fig. 2(b) has a M c
, which is depicted in Fig. 2(c) , that saturates every vertex in U, that is, all the source nodes are contemplated with a set of K subcarriers. In the example from Fig. 2(c) , M c
Thus, one has that the system overall transmission rate (in bits/s/Hz) is given by
where R F = MK /N and R T = k 1 /(k 1 + k 2 ) account for frequency and time multiplexing, respectively, while R 0 represents the transmission rate of each user. Assuming that the average transmit power per subcarrier is p ts = p t /N for all nodes, where p t is the total transmit power, and omitting the transmitter and receiver indexes in order to ease the notation, the signal received at the n-th subcarrier of a receiver is given by
where H [n] corresponds to the frequency-domain channel gain while W [n] represents complex Additive White Gaussian Noise (AWGN) with variance N 0 /2 per dimension, and γ is the path-loss, obtained as [26] 
where G is the total antenna gain, λ is the wavelength, d is the distance between the nodes, α is the path-loss exponent, M t is the link margin and N f is the noise figure [26] . For a given subcarrier bandwidth B s = B/N (in Hertz, where B is the total bandwidth), the average signal-to-noise ratio (SNR) per subcarrier is then
III. OUTAGE PROBABILITY
This section first presents some preliminary results on the outage probability per subcarrier as well as the outage probability of the MCMA algorithm in Subsection III-A. The outage probability of the proposed GDNC-OFDMA and its constrained version are presented respectively in Subsections III-B and III-C.
A. PRELIMINARIES 1) OUTAGE PROBABILITY PER SUBCARRIERS
In general, a given subcarrier is in outage if it cannot support a target transmission rate for a specific user, i.e., if the channel capacity of such subcarrier is less than the transmission rate per subcarrier. Since each user spreads its frame across K subcarriers, the transmission rate per subcarrier is equal to R 0 /K . Thus, the outage probability of the nth subcarrier is [14] 
where 
where the approximation holds for the high-SNR region.
2) OUTAGE PROBABILITY OF MCMA
According to [17, Th. 2] , an user will be in outage at the destination node responsible for the subcarrier allocation only when such user corresponds to an isolated vertex in the maximum constraint K 1,k -matching. Such an event occurs when none of the edges in the L coherence blocks exists and has probability
where P s (K ) is the single-carrier outage probability from (6). Remark 1: The result from (7) was obtained in [17] [19] .
B. OUTAGE PROBABILITY OF THE GDNC-OFDMA SCHEME
The outage probability of the GDNC-OFDMA scheme described in Section II is presented next.
Theorem 1: The outage probability of the unconstrained GDNC-OFDMA scheme with parameters (M , k 1 , k 2 ) in an OFDMA system with L coherence blocks can be approximated as
where P s is the short for the single-carrier outage probability from (6) and µ =
corresponds to the binomial coefficient.
Proof: Please refer to Appendix A. From (8) , one can see that the outage probability of the GDNC-OFDMA scheme decays with ρ −M +L(k 2 +1)−1 , which indicates a diversity order of M + L(k 2 + 1) − 1.
C. SPECIAL CASE: CONSTRAINED GDNC-OFDMA
Under the assumption that only the source nodes that correctly receive all the IFs are able to participate in the CP, we have the following result to the outage probability of the constrained GDNC-OFDMA scheme.
Theorem 2: The outage probability of the constrained GDNC-OFDMA scheme in a scenario where only the source nodes that correctly receive all the (M − 1)k 1 IFs in the BP VOLUME 6, 2018 are able to transmit in the CP is
(9) Proof: Please refer to Appendix B. Note that the diversity order of the constrained GDNC-OFDMA scheme is M + L only. Thus, it becomes clear that, in order for the GDNC-OFDMA scheme to achieve its best performance, all the source nodes must transmit PFs in the CP, regardless of the number of IFs that they could correctly recover during the BP.
1) OUTAGE PROBABILITY OF THE NCC-OFDMA SCHEME
In the NCC-OFDMA scheme from [14] and [19] , each node transmits a single IF in the BP followed by the transmission of a single PF in the CP, subject to the constrained approach from Definition 1. Note that this is a particular case of the constrained GDNC-OFDMA when k 1 = 1 and k 2 = 1. The outage probability of the NCC-OFDMA scheme is then obtained from (9) as
where the approximation holds in high-SNR. Note also that, in this work, we apply the NCC-OFDMA scheme as a benchmark in a scenario without dedicated relays as in [14] . Here, the sources themselves act as relays. However, it is important to mention that the NCC-OFDMA does not have its performance deteriorated when applied to the scenario in this paper. 3
IV. DIVERSITY-MULTIPLEXING TRADEOFF (DMT)
The diversity-multiplexing tradeoff (DMT) is a fundamental tradeoff that encompasses both multiplexing and diversity gains, evaluated at asymptotic SNR [18] . It is formally defined as follows. Definition 2: A scheme sch is said to achieve multiplexing gain r and diversity gain d if its transmission rate R sch and overall outage probability P sch satisfy, respectively [2] ,
and
Thus, we have the following result regarding the DMT of the proposed unconstrained GDNC-OFDMA scheme.
Theorem 3: The DMT of the unconstrained GDNC-OFDMA scheme with parameters (M , k 1 , k 2 ) in a channel with L coherence blocks is
3 This can be viewed as a particular scenario of that from [13] and [14] , where all the source nodes are connected to a relay, through an error-free channel. It can be shown that the outage probability of this scenario is (10), which is the same as the one presented in [19] .
Proof:
The proof is provided in Appendix C. For comparison purposes, we present in what follows the DMT of the constrained NCC-OFDMA, obtained from (10) as
By comparing (12) to (13), one can see that, besides providing a larger diversity gain than that of the NCC-OFDMA scheme, the GDNC-OFDMA scheme is also capable of presenting an improved multiplexing gain by properly choosing the parameters k 1 and k 2 , enabling a much better and more flexible design.
For a fixed value of k 2 , we have the following asymptotic result regarding k 1 .
Corollary 1: The multiplexing gain of the GDNC-OFDMA scheme tends to the same multiplexing gain of the stand-alone OFDMA scheme (without cooperation) when k 1 increases without limit, i.e., r|
Proof: The DMT of the stand-alone OFDMA is given by [17, Th. 3] :
The proof then follows straightforwardly by noticing in (12) that
It is worth mentioning that the DMT of the unconstrained stand-alone GDNC scheme from [10] (without OFDMA) is a particular case of (12), when L = 1.
V. ENERGY CONSUMPTION
Besides improving reliability, decreasing the energy consumption is an important task that needs to be taken into account when designing a wireless network, such as energy-constrained wireless sensor networks (WSNs) [21] . In Section III, we show that the unconstrained approach achieves a larger diversity order than the constrained approach. However, such advantage is typically achieved at the cost of a larger number of nodes transmitting at the CP. Thus, it becomes important to evaluate, under a realistic energy-consumption model, whether the unconstrained transmission is in fact advantageous.
Cui et al. [20] show that, depending on the distance between nodes, the power consumed by the transmission and reception circuits may be relevant in the total energy consumption of the network. Thus, considering an overall transmission rate (in bits/s) R b = MR 0 B, the energy consumption (in Joules/bit) is defined as [20] , [22] 
where p tx and p rx are the powers consumed exclusively by the transmission and reception circuits, respectively, which accordingly to [20] depend on factors such as power consumption of the analog-to-digital converter, mixer, transmission filters, frequency synthesizer, low noise amplifier, intermediate frequency amplifier and reception filters. In (15) , p amp = (ξ/η)p t corresponds to the output power of the amplifier, which depends on the transmit power p t , the amplifier drain efficiency η and the peak-to-average ratio (PAR) ξ , that is equal to ξ = 3
for multi-level quadrature amplitude modulations (MQAM) 4 [20] .
One can see from (15) that, since p tx and p rx depend on the hardware technology, while R b is often a fixed design parameter, it is necessary to minimize p amp in order to minimize E.
A. ENERGY CONSUMPTION OF THE GDNC SCHEME
It can be shown from (6) and (8) that the minimum transmit power necessary to achieve a target outage probability P GDNC in the GDNC-OFDMA scheme is
Then, the overall energy consumption of the scheme depends on the number of transmissions and receptions. In the unconstrained GDNC-OFDMA scheme, all the M nodes transmit at each one of the k 1 (BP) and k 2 (CP) time slots. The amount of receptions, in turn, is equal to (M +1)k 1 during the BP (including the M sources and the destination), while only the destination receives the k 2 PFs. This is summarized in Table 1 . According to the number of transmissions and receptions presented in Table 1 , the energy consumption of the GDNC-OFDMA scheme (in Joules/bit) becomes:
In the constrained GDNC-OFDMA scheme presented in Section III-C, the number of nodes transmitting in the CP (M ) is a random variable ranging from 0 to M depending on the number of nodes that correctly recovered all the IFs broadcasted in the BP. Thus, the average energy consumption 4 In this work, following [27] , we assume a large enough modulation level such that ξ ≈ 3.
of the constrained GDNC-OFDMA scheme is
where p t is now obtained from (9) and
Note that, since NCC-OFDMA corresponds to a particular scenario of the constrained GDNC-OFDMA scheme, its energy consumption can also be obtained from (18) by setting k 1 = k 2 = 1. Besides that, the stand-alone OFDMA (i.e., noncooperative scenario) can also be obtained from the GDNC-OFDMA by setting k 1 = 1 and removing the CP (k 2 = 0).
VI. NUMERICAL RESULTS
In what follows, we present some numerical results in order to support and provide some insights on the analysis performed in the previous sections.
A. OUTAGE PROBABILITY
The outage probability of the unconstrained GDNC-OFDMA scheme is presented in Fig. 3 , for different numbers of coherence blocks L = {2, 3}, and adopting k 1 = k 2 = 2, M = 6, N = 12 and R 0 = 1 bits/s/Hz. One can see that, as expected, the slope of the curves increases with L, due to frequency diversity provided by the MCMA subcarrier allocation. It can FIGURE 3. Outage probability of the unconstrained GDNC-OFDMA scheme for different values of L (with k 1 = k 2 = 2, M = 6, N = 12 and R 0 = 1 bits/s/Hz). VOLUME 6, 2018 also be seen that the analytical results match the numerical results with good precision, while the difference between simulation and analytical results (mainly in the high-outage probability region) are due to the approximations done in the analysis. Fig. 4 compares the outage probabilities of the NCC-OFDMA and GDNC-OFDMA (both constrained and unconstrained), in a scenario with M = 6, N = 12 and L = 2. For the GDNC-OFDMA scheme, k 1 = k 2 = 2. It can be seen that, even though the constrained GDNC-OFDMA presents the worst performance among all the schemes (due to the fact the probability of a given node transmit in the CP decreases as the number of IFs increases), its unconstrained version becomes the scheme with the best performance, due to the improved diversity order. One can see that the GDNC-OFDMA scheme is capable of achieving both multiplexing and diversity gains larger than the ones achieved by the NCC-OFDMA scheme, by properly choosing the parameters k 1 and k 2 . It can also be seen that, as long as the condition k 1 ≥ k 2 is met, the multiplexing gain achieved by the GDNC-OFDMA scheme is larger than that achieved by NCC-OFDMA, and that such advantage increases with k 1 . It is worth mentioning that, even though the arbitrary increase of k 1 does not decrease the diversity gain, it does increase the decoding delay, since the destination needs to wait for a larger number of frames before performing the network decoding.
C. ENERGY CONSUMPTION
In order to evaluate the energy consumption of the GDNC-OFDMA scheme operating under both unconstrained and constrained strategies, we consider the generic lowpower device parameters from [20] and [27] , which are presented in Table 2 . One can see that, even though the constrained scheme is outperformed by the unconstrained scheme in terms of 6556 VOLUME 6, 2018 reliability as presented in Section III, there are situations where it presents a reduced energy consumption (in Joules/bit). Such advantage typically occurs for small distances, and is explained by the fact that, when the distance between the nodes is small, the energy consumption is dominated by the circuitry consumption. Since in the constrained scheme the number of nodes transmitting in the CP is smaller than that of the unconstrained scheme, there is some energy saving. However, one can see that when the distance between the nodes increases, the unconstrained consumption becomes much smaller, for a fixed target outage probability, which accounts for the larger diversity order (less transmit power needed to achieve the target outage probability). It can also be seen that, for distances where the energy consumption is dominated by the transmit power, the unconstrained scheme is capable of achieving the outage probability of 10 −7 while consuming less energy than the constrained scheme with a reliability of only 10 −3 . It can be seen that the energy consumption initially decreases with M , meaning that the increase in the energy consumption imposed by a larger number of nodes transmitting is compensated by the improved reliability that is achieved when M increases (less transmit power is necessary). Nevertheless, when M is large, increasing it even further does not provide a significant improvement in reliability in order compensate the increase in the absolute energy consumption. We can also see that the unconstrained scheme presents a reduced consumption for a larger range of M , and that its advantage over the constrained approach increases with M and P .
VII. FINAL COMMENTS
We evaluate the performance, in terms of outage probability, diversity-multiplexing tradeoff and energy consumption, of an OFDMA-based multiple access network-coded cooperative system. In the proposed GDNC-OFDMA scheme, a subcarrier allocation is run at the destination node, such that the space-time diversity inherent of the GDNC scheme is boosted by an additional frequency diversity, without compromising the code rate. As a result, our proposed scheme achieves a much better DMT than a recently proposed NCC-OFDMA scheme. Our analysis also shows that, from a reliability perspective, the unconstrained approach where all the nodes transmit in the cooperative phase outperforms the constrained scenario where only a set of nodes cooperates. Moreover, even though the unconstrained approach presents a larger energy consumption than the constrained counterpart, we show that it is capable of achieving improved energy efficiency.
APPENDIX A PROOF OF THEOREM 1
Proof: Let D i (t) ⊆ {1, . . . , M } represent the decoding set, i.e., the set of nodes that correctly received I i (t) (the IF broadcasted by source node i during time slot t ∈ {1, . . . , k 1 } of the BP), including user i itself. The set of all IFs correctly received by the nodes in D i (t) is represented as
Dropping the user and time index in order to ease the notation, there are at least |I D |+|D|k 2 frames containing IFs from I D at the destination node (the IFs themselves transmitted in the BP along with the PFs transmitted in the CP), among which the destination needs to correctly decode at least |I D | frames in order to recover all the IFs in the set I D . A given IF will be declared in outage when its direct transmission and at least |D|k 2 out of the remaining |I D | + |D|k 2 − 1 frames are not correctly decoded at the destination. This event has probability:
where
is the higher order infinitesimal of x, and P D corresponds to the outage probability of a single frame experienced at the destination, which is given by (7). After replacing (7) in (20b), the outage probability of a given IF, for a fixed decoding set D, can be approximated as
Finally, the overall outage probability of a given IF is obtained after evaluating its conditional outage probability from (21) for all the possible combinations of D, i.e.:
VOLUME 6, 2018 where Pr{D} is the probability of occurrence of D, which is obtained as
It is important to note that, according to Remark 1, the outage probability of an IF experienced at any node other than the destination is (6), rather than (7), since the K 1,K -matching approach is optimal only from the destination perspective.
After replacing (21) and (23) in (22), it can be shown that the most probable event (the value of |D| that leads to the lowest exponent in (22) ) happens when |D| = 1, which, after replaced in (22) , leads to the outage probability in (8) , concluding the proof.
APPENDIX B PROOF OF THEOREM 2
Proof: Let us define set M as the set of source nodes that correctly recovered all the (M − 1)k 1 IFs broadcasted in the BP, with |M| ≤ M . The probability of occurrence of M is:
whereP s = 1−P s . Note that (24) does not achieve frequency diversity, according to Remark 1. For a given M, the destination receives an amount of Mk 1 + |M|k 2 frames, and an outage to a given IF occurs when the direct transmission and at least |M|k 2 out of the remaining Mk 1 + |M|k 2 − 1 frames are in outage at the destination, whose probability can be obtained as:
where µ(m) = . Again, note that the outage in (25) depends on P D from (7), with frequency diversity, following Remark 1. The overall outage probability is then
After expanding (26) , it can be shown that the most relevant terms, at high SNR, are obtained when m = 0 in (25) and |M| = 0 in (26) , which leads to
concluding the proof.
APPENDIX C PROOF OF THEOREM 3
Proof: After placing the high-SNR approximation of the outage probability from (8) in (11b), one has that the diversity gain becomes − log(ρ)
where the second equality comes from the the facts that 2 y log(x) /x = x y−1 and lim x→∞ 1/x = 0, concluding the proof.
